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Abstract: Topological semimetal, hosting spin-1 Weyl point beyond Dirac and Weyl 
points, has attracted a great deal of attention. However, the spin-1 Weyl semimetal, 
which possesses exclusively the spin-1 Weyl points in a clean frequency window, 
without shadowed by any other nodal points, is yet to be discovered. Here, we report 
for the first time a spin-1 Weyl semimetal in a phononic crystal. Its spin-1 Weyl points, 
touched by two linear dispersions and an additional flat band, carry monopole charges 
(−2, 0, 2) or (2, 0, −2) for the three bands from bottom to top, and result in double 
Fermi arcs existing both between the 1st and 2nd bands, as well as between the 2nd and 
3rd bands. We further observe robust propagation against the multiple joints and 
topological negative refraction of acoustic surface arc wave. Our results pave the way 
to explore on the macroscopic scale the exotic properties of the spin-1 Weyl physics.  
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Introduction 
The discovery of Dirac and Weyl semimetals [1-8], featured with fourfold and 
twofold linear crossing points in the band structures, has opened up a new research field 
known as topological semimetals [9, 10]. The low-energy excitations near the Dirac 
point and Weyl point (WP) are described by the Dirac and Weyl equations, and thus, 
behave like Dirac and Weyl fermions, i.e., the relativistic spin-1/2 fermions in quantum 
field theory. Unlike the fermions in high-energy theories, the excitations in crystals are 
protected by the rich symmetries of the space group, rather than the Poincaré symmetry, 
and give rise to new physical phenomena, such as type-II Weyl semimetals [11], nodal 
line semimetals [12] and spin-1 Weyl semimetals [13]. The spin-1 Weyl semimetals, 
which host exclusively the spin-1 WPs in a frequency window without shadowed by 
any other nodal points, have been proposed in electronic and cold atom materials 
recently [13-15]. However, the spin-1 Weyl semimetal is yet to be realized. 
The spin-1 WPs are threefold degenerate points touched by two linear dispersions 
and an additional flat band, and carry topological charges (−2, 0, 2) or (2, 0, −2) 
[13]. The spin-1 WPs with nontrivial topology or chirality result in numerous intriguing 
properties, such as the double Fermi arcs [13, 14], chiral anomaly [13], the quantized 
circular photogalvanic effect [16-18], chiral optical response [18, 19], and novel 
Imbert-Fedorov shift [20] and so on. The spin-1 WP coexisting with other chiral 
multifold points, have been attracting significant attentions in both theoretical 
predictions [16, 21-24] and experimental observations [25-31]. Although the spin-1 
WPs have been reported in Refs. [25-31], the topological charges of spin-1 WPs were 
not completely verified. Only the topological charge −2 of the 1st band of the spin-1 
WP can be determined by the double Fermi arcs. It is necessary to realize a real spin-1 
Weyl semimetal with pure spin-1 WPs, to explore the topological physics of spin-1 
WPs.  
In this work, we report the realization of spin-1 Weyl semimetal in a three-
dimensional (3D) phononic crystal (PC). Compared with electronic materials, the 
unique advantage of PCs lies in their macroscopic scale and flexibility of fabrication. 
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In particular, as there are only two spin-1 WPs near a frequency surface in our design, 
the separation between the WPs can be sufficiently wide, so that the WPs and the 
associated surface arcs, which are similar to the Fermi arcs in electronic systems, can 
be easily accessed in experiments. To be specific, we first search the spin-1 WPs in a 
layer-stacking Lieb lattice, and show the phase diagram and topologically protected 
surface states. Then, we design a 3D PC corresponding to this lattice model and present 
the experimental observation of spin-1 WPs and surface arcs. The theoretical and 
experimental results are in good agreement.  
 
Results 
Tight-binding model 
To illustrate how to derive spin-1 WPs in this work, we construct a tight-binding 
model based on a layer-stacking Lieb lattice with a 3-site unit cell, denoted by A (red 
sphere), B (yellow sphere), and C (blue sphere) in the upper panel of Fig. 1a. The 
nearest-neighbor hoppings of the intralayer in the XY plane are 𝑡0, and the interlayer 
couplings (dashed lines) are chiral with strength 𝑡𝑧. On the bases of the sublattices A-
C, the Bloch Hamiltonian of this model can be described by 
𝐻 = (
0 2𝑡0 cos(𝑘𝑥𝑎 2⁄ ) 2𝑡0 cos(𝑘𝑦𝑎 2⁄ )
2𝑡0 cos(𝑘𝑥𝑎 2⁄ ) 0 𝑡𝑧1 cos(𝑘𝑧ℎ) − 𝑖𝑡𝑧2 sin(𝑘𝑧ℎ)
2𝑡0 cos(𝑘𝑦𝑎 2⁄ ) 𝑡𝑧1 cos(𝑘𝑧ℎ) + 𝑖𝑡𝑧2 sin(𝑘𝑧ℎ) 0
) , (1) 
where 𝑡𝑧1 = 4𝑡𝑧 cos(𝑘𝑥𝑎 2⁄ ) cos(𝑘𝑦𝑎 2⁄ ) , 𝑡𝑧2 = 4𝑡𝑧 sin(𝑘𝑥𝑎 2⁄ ) sin(𝑘𝑦𝑎 2⁄ ) , and 
𝑡0, 𝑡𝑧 < 0 . 𝑎  and ℎ  are the lattice constants in the x (or y) and z directions, 
respectively. Diagonalizing the Hamiltonian (1) yields a pair of spin-1 WPs with zero 
energy located at points M = (𝜋 𝑎⁄ , 𝜋 𝑎⁄ , 0) and R = (𝜋 𝑎⁄ , 𝜋 𝑎⁄ , 𝜋 ℎ⁄ ) in the first 
Brillouin zone (BZ), as shown by the green and purple spheres in the left panel of Fig. 
1b. These two spin-1 WPs at the M and R points are determined by three coexisting 
chiral symmetries along three mutually orthogonal lines (Supplementary Material I). In 
all momentum directions, the threefold degenerate point consists of two linear 
dispersions and an additional flat band, as shown in Figs. 1c and 1d. To explore the 
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underlying physics of the threefold degenerate points, we derive their low-energy 
effective excitations, and find that they have the form 𝒌 ∙ 𝑺, where 𝑺 is the vector of 
the spin-1 matrix representing the sub-lattice pseudospin, as described in 
Supplementary Material II. These threefold degenerate points are spin-1 WPs, since 
they are spin-1 generalizations of WPs. The emergence of spin-1 WPs can be 
interpreted as follows: The single layer, as a Lieb lattice, can support a two-dimensional 
(2D) threefold degenerate point at (𝑘𝑥, 𝑘𝑦) = (𝜋 𝑎⁄ , 𝜋 𝑎⁄ ) with a Hamiltonian of the 
form 𝑘𝑥𝑆𝑥 + 𝑘𝑦𝑆𝑦; meanwhile, the chiral interlayer coupling contributes to the third 
term of the Hamiltonian 𝑘𝑧𝑆𝑧 near 𝑘𝑧 = 0 or 𝜋 ℎ⁄  to generate the spin-1 WPs.  
We now study the topological properties of the system. We first calculate the 
monopole charges of the spin-1 WPs, and obtain 𝐶M = (2, 0, −2)  and 𝐶R =
(−2, 0, 2) (Supplementary Material III). The spin-1 WPs behave as monopoles of 
Berry flux in momentum space, which are twice those of the WPs with spin-1/2. By 
considering 𝑘𝑧  as a parameter, the Chern numbers 𝐶(𝑘𝑧) of the three bands are 
plotted in the right panel of Fig. 1b. A more complete phase diagram is shown in 
Supplementary Material IV. The monopole charges of the spin-1 WPs are consistent 
with the 𝑘𝑧-dependent Chern numbers 𝐶(𝑘𝑧), for instance, the charge for the first band 
at  M  is 𝐶(𝑘𝑧 = 0
+) − 𝐶(𝑘𝑧 = 0
−) = 2 . Choosing the open boundaries in the x 
direction in the bottom panel of Fig. 1a, we plot the surface arcs between the 1st and 2nd 
bands on the normal (N) and hollow (H) surfaces shown in Figs. 1e and 1f, respectively. 
Two surface arcs connect the projections of two oppositely charged spin-1 WPs, 
coexisting with bulk states of the second band near the spin-1 WPs. The surface arcs 
between the 2nd and 3rd bands and the surface state dispersions are displayed in 
Supplementary Material V. The double surface arcs, both existing between the 1st and 
2nd bands, and between the 2nd and 3rd bands, provide solid evidences for the topological 
charges of the spin-1 WPs. The illustration of the spin-1 WPs associated surface arcs is 
shown in Supplementary Material VI. 
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Acoustic spin-1 Weyl points 
Let us consider the real PC for realizing spin-1 Weyl semimetal for acoustic waves. 
As shown in Fig. 2a, the PC sample is a layer-stacking structure fabricated by 3D 
printing. The unit cell, shown in Fig. 2b, contains three non-equivalent cavities linked 
up with tubes, where the grey areas represent hard boundaries, and the green areas 
denote periodic boundaries. The cavities can be viewed roughly as the lattice sites, 
while the tubes provide the hopping parameters. The intralayer tubes are set to be the 
same size to give rise to equal couplings in the XY plane, corresponding to the Lieb 
lattice. The interlayer tubes are chiral to connect the different cavities, which induce an 
effective gauge flux [7].  
The structure possesses the P4 (No. 75) and time-reversal symmetries, which do 
not have 3D irreducible representations at the high symmetry points. So the spin-1 WPs 
are only able to be induced by the accidental degeneracy of a one-dimensional and a 
2D irreducible representations at M and R. The size 𝑙2 of one cavity is adjusted and 
different to size 𝑙1 of the other cavities (Supplementary Material VII). At M, if 𝑙2 is 
smaller than 3mm, the frequency of the double degenerate state is higher than that of 
the single state; while 𝑙2 is larger than 3mm, the frequency of the double degenerate 
state is lower than that of the single state. The band inversion of the single state and the 
double degenerate state with different 𝑙2 guarantees that there must exist a threefold 
degenerate state for 𝑙2 = 3mm . Actually, the spin-1 WPs are easily generated by 
accidental degeneracy in real phononic crystals, since the acoustic sample is closely a 
one-to-one mapping of the tight-binding model with cavities mapping to atoms and 
tubes to bonds. The existence of the spin-1 WPs guarantees that the Hamiltonian have 
uniform on-site energies. Therefore, the real PC could be well modelled by the tight-
binding Hamiltonian (Supplementary Material VIII).  
To confirm the existence of the pair of acoustic spin-1 WPs shown in Fig. 1b, we 
calculate and measure the 2D band structures for fixed 𝑘𝑧 = 0 and 𝑘𝑧 = 𝜋 ℎ⁄  in Figs. 
2c and 2e, respectively. The color maps represent the experimental dispersions 
expressed in terms of the average intensity of the Bloch states, while the white circles 
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represent the simulated values obtained from full-wave simulations (see Materials and 
Methods). Threefold degenerate points at the M and R points are clearly observed at 
approximately the same frequency 7.5kHz. The finer structure near the Γ point below 
the second band in Fig. 2c may result from the multiple reflection by the surfaces of the 
finite sample. In Fig. 2d, the dispersion on the plane 𝑘𝑧 = 0.5𝜋 ℎ⁄  opens up two gaps 
between the three bands at the M̅  point, due to effective time-reversal symmetry 
breaking by the synthetic gauge flux. The simulated and experimental results for the 
band dispersions along the 𝑘𝑧 direction are shown in Fig. 2f, corresponding to the 
band structure in Fig. 1d. One can find that the dispersions near the threefold degenerate 
points are crossings of two linear bands and an additional flat band, clearly indicating 
that the two threefold degenerate points are spin-1 WPs in the 3D band structure.  
 
Acoustic surface arc waves 
Theoretical studies predict that the non-zero Chern numbers 𝐶(𝑘𝑧) can lead to a 
pair of gapless surface states for a ribbon structure. Experimentally, the surface state 
dispersions can be obtained by measuring and Fourier transforming the surface acoustic 
fields, which are shown in Supplementary Material IX. Given 𝑘𝑧 = 0.5𝜋 ℎ⁄ , the 
surface state dispersions along the 𝑘𝑦 direction are plotted in Figs. 3a and 3b, for the 
N and H surfaces, respectively. The surface state dispersions between the 1st and 2nd 
bands, as well as between the 2nd and 3rd bands are observed, resulting from the same 
topology for 𝐶(𝑘𝑧) = 0 of the second band. Compared with the dispersions of surface 
state in the tight-binding model, one can see that the results for the PC are consistent 
with the model. 
For a given excitation frequency, the surface states in the PC will trace out 
trajectories to connect the two oppositely charged spin-1 WPs and form surface arcs. 
At 𝑓 = 7kHz, the surface arcs between the 1st and 2nd bands on the N and H surfaces 
are shown in Figs. 3c and 3d, respectively. The surface arcs connecting the pair of spin-
1 WPs exhibit two branches, and exist in 𝑘𝑧 ∈ (0, 𝜋 ℎ⁄ ) and 𝑘𝑧 ∈ (−𝜋 ℎ⁄ , 0). In 
addition, the surface arcs near the spin-1 WPs merge with the projections of the bulk 
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states. These features are well consistent with the theoretical results in Figs. 1e and 1f. 
The similar features of surface arcs at 𝑓 = 9kHz are also observed between the 2nd 
and 3rd bands, as shown in Figs. 3e and 3f. The double surface arcs, observed between 
the 1st and 2nd bands, as well as between the 2nd and 3rd bands, verified, directly and 
completely, the topological charges of the spin-1 WPs.  
 
Topological reflection-free propagations 
The surface arcs with nonclosed nature can give rise to intriguing topological 
phenomena, including the anomalous quantum oscillations [32, 33], 3D quantum Hall 
effect [34, 35], and topological negative refraction [36]. In Fig. 4, we provide two 
experiments visualizing unusual topological reflection-free propagations of surface arc 
wave. The first experiment demonstrates the robust propagation of the surface arc wave 
against the multiple joints of adjacent facets, as shown in Figs. 4a and 4b. The second 
one displays the topological negative refraction, as shown in Figs. 4c-4e. One can see 
that the surface arc waves can propagate only in an anticlockwise manner along the 
boundary, and do not reflect or scatter, because of the non-closed surface arc 
configuration (Fig. 4d). It is worth pointing out that these topological propagations can 
occur at the frequencies not only between the first and second bands, in the meantime 
also between the second and third bands, as shown in Supplementary Material X. The 
attenuations of the surface arc waves during propagation due to the absorption of air 
and the decaying behaviours of the surface arc waves along the perpendicular direction 
are shown in Supplementary Material XI. 
 
Conclusions 
    We have realized an acoustic spin-1 Weyl semimetal, which opens up an avenue 
to explore new topological physics in 3D acoustics, besides spin-1/2 Weyl semimetals 
[7, 8, 36-38]. Our system, as a real spin-1 Weyl semimetal, is essential for exploring 
the topological properties of spin-1 WPs, including the surface arc states and chiral 
anomaly [13]. The robust propagation against the multiple joints of adjacent facets and 
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topological negative refraction of surface arc wave may serve as a basis for designing 
innovative acoustic devices. As possessing slow group velocity and high density of 
state, the flat bands of spin-1 WPs may be used to localize or freeze acoustic waves 
[39-41], and enhance local fields [42-44]. Moreover, the layer-stacking method in our 
work can extend to other periodic structures, including electronic, photonic and cold 
atom systems. Finally, the chiral Landau levels induced by a pseudo-magnetic field in 
our spin-1 Weyl semimetal is of great interest, which can be implemented through the 
inhomogeneous potentials [38].  
 
Supplementary Data 
Supplementary data are available online. 
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Figure 1. Bulk band structures and surface arcs of the spin-1 Weyl points for a lattice 
model. (a) Schematic of the unit cell and ribbon. Upper panel: Red, yellow, and blue 
spheres denote A, B, and C lattices in a unit cell. Lower panel: Ribbon for calculation 
of the surface state dispersions. Two different opposite surfaces are marked as N and H 
surfaces, respectively. (b) Left panel: The first BZ of the system. The green and purple 
spheres represent spin-1 WPs with topological charges (2, 0, −2)  and (−2, 0, 2) , 
respectively. Right panel: The Chern numbers of the three bands as a function of 𝑘𝑧. 
(c)-(d) The 3D bulk band structures with 𝑘𝑧 = 0 and 𝑘𝑥 = 𝜋 𝑎⁄ , respectively. (e)-(f) 
The surface arcs between the 1st and 2nd bands for 𝐸 = −0.3 on the N and H surfaces, 
respectively. The coupling parameters are taken to 𝑡0 = −1 and 𝑡𝑧 = −0.3. 
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Figure 2. Experimental demonstration of the bulk band structures of the spin-1 Weyl 
points in a phononic crystal. (a) A photo of the 3D sample. (b) The unit cell of the 
phononic crystal. Here, 𝑎 = 20mm , ℎ = 8mm , 𝑙1 = 3.5mm , 𝑙2 = 3mm , 𝑙3 =
1.6mm  and 𝑑 = 2.72mm . The periodic boundaries are applied in the x, y and z 
directions. The grey areas represent hard boundaries. (c)-(f) The bulk band structures 
of the three lowest modes in 𝑘𝑧 = 0, 𝑘𝑧 = 0.5 𝜋 ℎ⁄ , 𝑘𝑧 = 𝜋 ℎ⁄  and along the 𝑘𝑧 
direction. The color maps represent the experimental data, while the white circles 
represent the full-wave simulation results. 
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Figure 3. Dispersions of surface state and acoustic surface arcs. The top picture shows 
a schematic of the ribbon for full-wave simulations of surface state dispersions and 
surface arcs. (a)-(b) The dispersions of the surface state with fixed 𝑘𝑧 = 0.5 𝜋 ℎ⁄  on 
the N and H surfaces, respectively. (c)-(f) The equi-frequency contours of the surface 
state at fixed frequency 𝑓 = 7kHz  and 𝑓 = 9kHz  on the N and H surfaces, 
respectively. The color maps denote the experimental data, and the white dashed and 
black lines represent the calculated dispersions of surface state and projected bulk state, 
respectively. 
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Figure 4. Experimental topological reflection-free propagations of acoustic surface arc 
wave. (a) Schematic of a sample with the multiple joints of adjacent facets on the N 
surface. (b) Experimental robust propagation of surface arc wave through the multiple 
joints of adjacent facets. (c) Schematic of topological negative refraction at the interface 
between the N and H surfaces. (d) Group velocities (red and blue arrows) of the surface 
arc wave of the N and H surfaces. The non-closed properties of the surface arcs 
guarantee the reflection immunity. (e) Experimental observation of topological negative 
refraction. In both the two experiments of wave propagation, the field distributions are 
measured at the frequency 7kHz. The red stars denote the position of excitation, and 
the arrows represent the propagating directions.  
